Microbial communities in the gastrointestinal tract influence many aspects of host health, 25 including metabolism and susceptibility to pathogen colonization. These relationships and the 26 environmental and individual factors that drive them are relatively unexplored for free-living 27 wildlife. We quantified the relationships between urban habitat use, diet, and age with 28 microbiome composition and diversity for 82 American white ibises (Eudocimus albus) captured 29 along an urban gradient in south Florida and tested whether gut microbial diversity was 30 associated with Salmonella enterica prevalence. Shifts in community composition were 31 significantly associated with urban land cover and, to a lesser extent, diets higher in provisioned 32 food. The diversity of genera was negatively associated with community composition associated 33 with urban land cover, positively associated with age class, and negatively associated with 34 Salmonella shedding. Our results suggest that shifts in both habitat use and diet for urban birds 35 significantly alter gut microbial composition and diversity in ways that may influence health and 36 pathogen susceptibility as species adapt to urban habitats. 37 
Living in urban areas can have important consequences for wildlife physiology and/or health 40 through changes in habitat use, interactions, and diet [1] . For example, urban birds exhibit higher 41 stress levels and more frequent interactions with non-native species [2] . Similarly, some species 42 experience increased exposure to pollutants and reduced immune function [3] . The provisioning 43 of urban wildlife, either intentionally (e.g., bird feeders) or unintentionally (e.g., garbage), can 44 also promote the use of novel foods [4] and habitat types, such as manicured lawns [5] . 45 46 Such shifts in wildlife physiology and ecology may, in turn, impact the diverse microbial 47 community inhabiting the host gastrointestinal tract, or gut microbiome. The composition and 48 diversity of the gut microbiome regulates several aspects of host health including the production 49 of vitamins, metabolism, and dietary efficiency (reviewed by [6] ). The gut microbiome also 50 mediates host susceptibility to infection and pathogen colonization by initiating proper 51 development of the immune system and the production of antimicrobial metabolites (reviewed 52 by [7] ). A healthy, diverse gut microbiome can also act as a barrier to infection by competing, 53 either directly or indirectly, with pathogens for space or resources [8] . This has direct impacts on 54 health. For example, disrupted gut microbial communities are more likely to become colonized 55 by enteric bacteria such as Clostridium difficile [9] . 56 
57
The importance of the gut microbiome to host health has led to many studies on humans and 58 livestock attempting to disentangle the relative influence of host age, diet, and environment on 59 microbial communities. These effects can occur through accumulation, whereby older 60 individuals typically have more diverse microbiomes [10] . Host diet can also influence 61 microbiome composition and diversity through macronutrient balance [11] . For example, diets 62 higher in protein are typically associated with certain phyla and increased diversity [12] . Lastly, 63 hosts are in constant contact with microorganisms in their environments from various substrates, 64 which can shape the acquisition and composition of intestinal microbiota (e.g., [13, 14] ). 65 66 The roles of environmental exposure and diet in shaping the host microbiome may cause the gut 67 microbiome to act as an important mediator for how urban environments or changing diets may 68 affect host health. The shifts in diet and habitat exhibited by wildlife in urban environments 69 likely influence their gut microbial communities as they do for animals in captivity [15] [16] [17] [18] and 70 humans in urban vs. rural communities [19] . While a rapidly growing body of literature has 71 characterized the avian microbiome for many species [20] , little is known about how the novel 72 foods and habitat types available to urban birds may shape microbiome diversity and 73 composition. For example, urban house sparrows have less diverse microbiomes than their rural 74 counterparts due to several potential mechanisms [21] . 75 
76
Such shifts in diet and habitat use are apparent for the American white ibis (Eudocimus albus), a 77 mid-sized carnivorous wading bird native to the southeastern United States. Up until the 1960's, 78 Florida was the primary breeding site for ibis on the mainland USA, but following dramatic 79 wetland loss and development, breeding colonies experienced a 90% decline of nesting pairs in 80 Florida. In the last 20 years, ibis have been observed foraging in urban environments in cities 81 across south Florida [22, 23] . Our previous work in this system has demonstrated that ibises 82 inhabiting more developed urban areas are more likely to consume provisioned food, such as 83 bread, but have poorer body condition [24] and are more likely to shed Salmonella enterica [23] . 84 Almost half of urban ibis Salmonella genotypes matched those for human salmonellosis cases, 85 indicating ibis have the ability to act as reservoirs of salmonellae for people, or share a common 86 environmental source [23] . In a more robust comparison of Salmonella shedding by ibis from 87 developed and natural environments, site fidelity to contaminated urban parks was a significant 88 predictor for Salmonella prevalence [25] . These observed changes in the diets and health of ibis 89 with urbanization may be indicative of concurrent changes in the composition or diversity of the 90 gut microbiome for urban birds. 91 92 In this study, we characterized the gut microbiome of white ibises with the goal of determining 93 how gut microbiome community composition and alpha diversity changed with urbanization, the 94 consumption of provisioned food, age, and sex. We then tested whether any differences in 95 composition or diversity were associated with the prevalence of Salmonella spp. To do so, we 96 sampled white ibises across an urban gradient in South Florida and collected feces for 97 Salmonella isolation and microbiome analyses and blood for stable isotope analysis of diet. We captured ibises in Palm Beach and adjacent counties in South Florida between October 2015 104 and March 2017 (Fig 1) . South Florida has a tropical climate with a high biodiversity of wading 105 birds and annual fluctuations in water levels between the dry (November -April) and rainy (May 106 -October) seasons. Palm Beach County has dense urban developments along the coast 107 progressing to agricultural development and wetlands further inland. We captured ibises at 15 108 sites where we had observed foraging ibises and that represented an urban land cover gradient 109 (0-93% urban land cover, see [24] for details on land cover analysis). These sites included five 110 restored or constructed wetlands, two wildlife rehabilitation centers, a landfill, a zoo, and six 111 urban parks. We captured ibises in wetlands using mist nets with decoys and at more urban sites 112 we used baited manually-operated flip traps and nylon slip-knot leg lassos [24] . 113 114 We assessed ibis age using plumage as adults (≥3 years, all white feathers) or subadults (some 115 brown feathers) [26] and recorded mass, culmen length, wing chord length, tarsus length and 116 width to calculate body condition. We then collected ≤1% body weight of blood from each bird 117 from the jugular or metatarsal vein. We used whole blood samples to confirm ibis sex using 118 standard molecular techniques [27] and for stable isotope analysis of diet (see below). If a 119 captured ibis defecated onto a clean surface, we collected ≥0.25 g of feces (0.63 ± 0.05, mean ± 120 S.E.) using a sterile cotton tipped applicator for microbiome analysis. We also collected 121 approximately one gram of fresh feces into 10 ml of dulcitol selenite broth for Salmonella taxonomic units, assigned to taxonomic identities, and aligned to create a phylogenetic tree using 173 the QIIME pipeline [29] . Paired end reads were joined using the multiple_join_paired.py script 174 and default parameters, separately for the two batches of files coming from the two Miseq runs. 175 Unpaired sequences were discarded. Joined consensus sequences were quality filtered and 176 combined into one fasta file using the multiple_split_libraries_fastq.py script with the 177 "sampleid_by_file" option, again separately for the two Miseq runs, using default parameters. 178 The two resulting combined files were then concatenated into one final file. Because we used the 179 same sample identifiers on the two separate Miseq runs, by concatenating the output files from Representative sequences for each OTU were aligned using the align_seqs.py script, using the 199 PyNAST method using default parameters. Aligned sequences were used to create a 200 phylogenetic tree, using the make_phylogeny.py script with the FastTree method [32] . For 201 phylogenetically informed analyses, the OTU table was filtered to remove any OTU's whose 202 representative sequences could not be aligned. The reshape2 package in R [33] was used to 203 collapse OTUs into higher taxonomic levels for analysis (see Table S1 and Figure S1 for a 204 summary of bioinformatics output at the genus level, which was used for analysis). We isolated Salmonella from fecal samples by modifying previously published protocols [34]. 209 Briefly, 1 g of feces was placed in dulcitol selenite pre-enrichment broth and was maintained at 210 ambient temperature for approximately 2-4 days until they were shipped to the University of 211 Georgia (Athens, Georgia) for culture. We then transferred 100μl of turbid pre-enrichment broth 212 to 10 ml of Rappaport-Vassiliadis (RV) broth and incubated for ~24 h at 43 °C (Oxoid, 213 Hampshire, UK). We streaked for isolation from each RV enrichment onto xylose lysine tergitol 214 4 (XLT-4) agar plates and incubated for 24 ± 2 h. Colonies suspected to be Salmonella based on 215 morphology (black colonies or yellow colonies with a black center) streaked again for isolation 216 to obtain a pure colony. Each isolate was then confirmed by characteristic growth on Table S2 ). Table S3 ). The most abundant phyla in 294 white ibis feces were Firmicutes (mean percentage of sequences across all samples: 32.5%), 295 Proteobacteria (22.6%), and TM7 (22.6%); however, average relative abundance of dominant 296 phyla varied considerably across the urbanization gradient ( Figure 3 , Table S3 ). Firmicutes and 297 Cyanobacteria significantly decreased in relative abundance while Proteobacteria, TM7, 298 Bacteroidetes, OP11, and TM6 increased in relative abundance with increasing urban land cover 299 (Table S3 ).
301
Changes in diversity 302 Unlike bacterial composition, changes in bacterial genus diversity were associated with 303 individual ibis biology rather than capture site. These changes in genus diversity, as measured by 304 the Shannon diversity index, were not associated with urban land cover or dietary provisioning 305 (Urban land cover: R² = 0.04, F 1,13 = 1.16, p = 0.30, Figure 4a ; Provisioning: R² = 0.03, F 1,13 = 306 0.81, p = 0.38, Figure 4b ). Rather, diversity was significantly correlated with microbiome 307 community composition (PCoA1) (R 2 = -0.29, F 1,13 = 5.2, p = 0.04; Figure 4c ). As predicted, ibis 308 age, measured as the proportion of adult ibis captured at a particular site, was positively 309 correlated with genus diversity (R 2 = 0.16, p < 0.001). Mean bacterial diversity was negatively 310 correlated with Salmonella prevalence (Figure 4d ), such that ibises with lower genus diversity 311 were more likely to be shedding Salmonella (β = -2.10 ± 0.99, z = -2.12, p = 0.03). In this study, we examined changes in the composition and diversity of the gut microbiome with 334 urbanization and food provisioning for the American white ibis, a recently urbanized wading 335 bird. We also tested if these changes were associated with an increased likelihood of shedding 336 Salmonella, an opportunistic enteric zoonotic pathogen. Microbiome community composition 337 was strongly associated with urban land cover and, to a lesser extent, the assimilation of 338 provisioned food, such as bread. Microbial diversity was negatively associated with these 339 changes in community composition, and ibises with less diverse microbiomes were more likely 340 to shed Salmonella. 341 342 Urban land cover was the strongest driver of microbial community composition and is itself 343 associated with many biotic and abiotic factors. Urban ibis in Australia also consume 344 provisioned bread in parks and select for high-carbohydrate rather than high-protein foods [46] . 345 The relative importance of macronutrients is an important predictor of microbiome composition 346 across species [47] and so may be at least partially driving the shifts we observed in phylum 347 relative abundance. Ibises in urban parks may also be exposed to different environmental 348 bacteria when foraging on lawns, managed ponds, and paved surfaces rather than shallow The ability of microbiota to protect the host via resisting the colonization of pathogen parallels 405 the increased resistance to invasion by more diverse ecological communities more generally. 406 There are many studies demonstrating increased invasion success by pathogenic bacteria 407 following a loss of microbial diversity parallels ecological theory that more diverse communities 408 are more resistant to invasion [63] . Similar to other ecological systems, microbial symbionts can 409 protect hosts inadvertently though intense competition for resources from the host's diet [64] . ibises were captured to collect fecal specimens to determine their gastrointestinal microbiome. 661 Sampling sites represented a gradient of urban land cover from 0% (blue) to 91% (red; see also 662 Table S1 ). Inset circles demonstrate the range of difference in urban habitat across the urban land Figure S1 . Rarefaction curves of bacterial genera detected in American white ibis feces. 739 Rarefaction was performed using the rarecurve function in the vegan package [39] . 740 741 742
